We experimentally manipulated key components of severe hurricane disturbance, canopy openness and detritus deposition, to determine the independent and interactive effects of these components on tree recruitment, forest structure, and diversity in a wet tropical forest in the Luquillo Experimental Forest, Puerto Rico. Canopy openness was increased by trimming branches, and we manipulated debris by adding or subtracting the trimmed materials to the trimming treatments, in a 2 Â 2 factorial design replicated in three blocks. Tree (stems P1 cm diameter at breast height) responses were measured during the 9-year study, which included at least 1 year of pre-manipulation monitoring. When the canopy was trimmed, stem densities increased >2-fold and rates of recruitment increased >25-fold. Deposition of canopy debris did not markedly affect stem densities but did have small yet significant effects on tree basal area. Basal area increased about 10% when debris was added to plots with intact canopies; the other treatments exhibited smaller or no increases in basal area over time. Much of the dynamics of stem densities were due to changes in the smallest size class (1-2.5 cm diameter), which responded with a pulse of recruitment in the canopy trimmed treatments, and a steady loss in plots with intact canopies. The decreases in stem densities in the plots with intact canopies is attributed to observed on-going forest thinning from the last natural severe hurricane disturbance in 1998. Given these repeated hurricane effects, our study enabled an experimental test of the Intermediate Disturbance Hypothesis (IDH), for which we predicted an increase in species diversity in canopy trimmed treatments and a loss of species in the treatments with intact canopies. Measured patterns of diversity gave partial support to the predictions of IDH, although raw species richness of sampled plots fit the predictions better than richness adjusted for differences in stem densities among treatments. Ordination of species responses in the community identified a guild of pioneer species responding to the trimmed treatments, but not the debris additions, amongst substantial background variation in species composition unrelated to the experimental treatments. These results are consistent with a growing consensus that, while trade-offs of resilience and resistance govern many species responses to hurricane disturbance, other environmental and historical factors are equally or more important in governing community dynamics in hurricane-disturbed forests.
Introduction
Wind storms are a dominant component of the disturbance regime of forested ecosystems in many parts of the world (Everham and Brokaw, 1996; Whitmore and Burslem, 1998; Lugo, 2008) . Many past studies describe the impacts of tropical cyclones on regional forests (Walker et al., 1991 (Walker et al., , 1996 Stone and Finkl, 1995; Burslem and Whitmore, 1999; Turton, 2008; Webb et al., 2014) , and those in the Caribbean emphasize the resilience of forests to even the most severe hurricanes (Scatena et al., 1996; Vandermeer et al. 2000; Tanner and Bellingham, 2006; Imbert and Portecop, 2008; McGroddy et al., 2013) . While such rapid tree recovery is largely a result of species adaptations to severe wind disturbance (Zimmerman et al., 1994; Bellingham et al., 1995; Brokaw et al., 2004) , a mechanistic understanding of the tree responses during the first decade following hurricane disturbance is lacking. This can be determined by experimental manipulations similar to those conducted at Harvard Forest in the north-eastern http://dx.doi.org/10.1016/j.foreco.2014.02.029 0378-1127/Ó 2014 Published by Elsevier B.V.
USA (Carlton and Bazzaz, 1998; Cooper-Ellis et al., 1999; Barker Plotkin et al., 2013) and the Canopy Trimming Experiment (CTE) in the Luquillo Experimental Forest, Puerto Rico (Richardson et al., 2010; Shiels et al., 2010; Shiels and González, 2014) .
The CTE was designed to separate two critical effects normally confounded in a hurricane -increased canopy openness and the deposition of debris on the forest floor (Shiels and González, 2014) . Earlier, Shiels et al. (2010) reported on the initial responses of woody vegetation in the CTE, focusing on the dynamics of the seedling layer. The deposition of debris killed many existing woody seedlings and provided a mechanical barrier that suppressed seedling recruitment, but these effects were largely transient. The increase in understory light availability caused by canopy trimming appeared more important than the impacts of hurricane debris, stimulating increased seedling recruitment and density of pioneer species (e.g., Cecropia schreberiana) known to respond strongly to canopy opening caused by hurricanes . This effect was apparent through the end of the study, four years after the implementation of treatments .
While Shiels et al. (2010) were able to establish the impacts of canopy opening on tree sapling recruitment, their observations were not of sufficient length to clearly determine the full impacts of canopy openness on the existing trees. Patterns of mortality suggested little impact of canopy trimming, but these impacts may become more apparent as time proceeds (Walker, 1995) . Also, while there was a small apparent increase in basal area caused by debris deposition , suggesting a beneficial effect of debris on tree growth, this only became apparent at the end of the study. In addition, even though Shiels et al. (2010) showed that the trimming treatments influenced the tree community by causing recruitment of key pioneer species, they did not determine the impact of the treatments in the CTE on patterns of species diversity. Furthermore, a longer post-treatment observation period offers the opportunity to investigate species responses to the experimental treatments in more detail in view of the decadal impacts that a single hurricane can have on community dynamics (Crow, 1980; Lugo et al., 2000) .
One relevant theory describing the diversity response of tree communities to wind disturbance is the Intermediate Disturbance Hypothesis (Connell, 1978; Doyle, 1981; Sheil and Burslem, 2004) . The theory assumes trade-offs either in species competitive abilities or niche partitioning whereby more recently disturbed forest patches serve as opportunities for the establishment of rapidly growing, shade intolerant guild of pioneer species that persist in a community dominated by slower-growing species tolerant of low resource conditions (Pacala and Rees, 1998; Uriarte et al., 2012) . To the degree that the presence of two (or more) generalized species groups with different light requirements overlap in space and time (Miller et al., 2011) , species diversity of local, recently disturbed forest patches will reach a maximum before declining, as shade tolerant species come to dominate the patch. While the validity of the theory is still debated on both empirical and theoretical grounds (Bongers et al. 2009; Fox, 2013; Sheil and Burslem, 2004; , Miller and his colleagues have given new life to IDH by strengthening its theoretical underpinnings (Miller and Chesson, 2009; Miller et al., 2011) . We take advantage of previous severe hurricane disturbance at our site to frame our test of IDH (Zimmerman et al., 1994; . Since no severe hurricanes affected our study once it started, we can effectively compare the more recent experimental canopy opening to that caused by a hurricane 14 years in advance of the start of our observations. Shiels et al. (2010) showed that an initial response by species to canopy trimming was increased recruitment of two common pioneer species, Cecropia schreberiana and Psychotria berteroana with no species responding to debris deposition detected at the time of the study. Again, with a greater time span of observations, it is possible to further detail species responses to the experimental manipulations. In particular, we wish to investigate the generality of our previous observations by utilizing ordination methods to illuminate the responses of all species in the forest community, not just the most common species as was analyzed by Shiels et al. (2010) . This approach would support the goal of understanding diversity responses to the manipulations in the context of trade-offs in species resistance and resilience to hurricane disturbance (Boucher et al., 1994; Zimmerman et al., 1994; Burslem and Whitmore, 1999; Tanner and Bellingham, 2006; Uriarte et al., 2012) .
Therefore, we revisit the response of woody vegetation to treatments in the CTE , addressing the following questions:
(1) What are the long-term mortality and growth rates of saplings (woody plants P1 cm DBH) recruited into the CTE treatments where the canopy was trimmed and how does this relate to forest dynamics in forest naturally disturbed by hurricanes? (2) How does the deposition of debris generated by trimming the forest canopy influence forest dynamics, particularly long-term patterns of tree growth and mortality? Moreover, is there a positive effect of debris deposition and does this effect interact with the trimming treatments? (3) To what degree do patterns of changes in species diversity in the CTE support or refute patterns predicted by IDH? (4) How does species composition respond to the experimental treatments and how does this enhance our understanding of community dynamics in hurricane-disturbed forests.
Materials and methods

Study site
This study took place in the Luquillo Experimental Forest (LEF) in north-eastern Puerto Rico, near the El Verde Field Station (EVFS; 18°20 0 N, 65°49 0 W), where annual rainfall averages 3500 mm (Zimmerman et al., 2007) , elevation is 340-485 m a.s.l., and the terrain is steep (24% average slope) and rocky (25% of the soil surface covered by boulders; Soil Survey Staff, 1995; Shiels et al., 2010) . The study site is in tabonuco forest (subtropical wet forest in the Holdridge System; Ewel and Whitmore, 1973) , which is the lowermost and dominant of four general vegetation zones along an altitudinal gradient across the LEF. The prominent tree species at the site include Sloanea berteroana (Elaeocarpaceae), Dacryodes excelsa (Burseraceae), Prestoea acuminata var. montana (Arecaceae), and Manilkara bidentata (Sapotaceae). Before our study, the two most recent severe hurricanes passing over our site included Hurricane Hugo (a category 4 storm on the Saffir-Simpson hurricane scale) in September 1989, and Hurricane Georges (a category 3 storm) in September 1998. No storms of hurricane strength impacted the site during our study and there were not significant droughts (Shiels and González, 2014) .
Experimental design
Three blocks were established in tabonuco forest of similar age and land-use history (>80% cover in 1936; Foster et al., 1999; Thompson et al., 2002) and topography. The three blocks were located in an area of approximately 50 ha near EVFS at similar elevations (340-485 m a.s.l.). Individual plot size was 30 Â 30 m, selected to reflect the average size of damaged patches of canopy that were observed following Hurricanes Hugo and Georges (Brokaw and Grear, 1991; Zimmerman et al., 2010) . Plots were spaced at least 20 m apart within each block (see map of plot layout in Shiels and González, 2014) .
To minimize edge effects within each 30 Â 30 m treatment plot, the core 20 Â 20 interior area was used for measurement. This interior measurement area was divided into 16 quadrats with adjacent walking trails to minimize observer impacts. A 1.5 year monitoring period began in 2003 to establish baseline measurements, prior to applying treatments.
Within each block, plots were randomly assigned one of the four treatments: (1) Trim + debris, where the canopy was trimmed and the detritus (debris) was left on the forest floor; (2) Trim + no debris, where the canopy was trimmed and the debris from the trimming was added to another plot in a block to create the (3) No trim + debris treatment; and (4) Control (No trim + no debris), where neither the canopy was cut nor the forest floor debris changed. Treatments were applied to each block individually by certified arborists from November 2004 to June 2005. The extent of the canopy trimming area was extended from the plot boundaries vertically to include all woody-stemmed projections, and trees were trimmed using the following criteria: All non-palm trees P15 cm diameter at 1.3 m height (DBH) had their branches that were less than 10 cm diameter removed. For non-palm trees between 10 and 15 cm DBH, each tree was trimmed at 3 m height. For all palm trees P3 m tall, all palm fronds were trimmed at the connection with the main stem, making sure to preserve the apical meristem. No vegetation was trimmed below 3 m height, except in cases where trimmed palms had fronds below 3 m height. These levels of trimming increased canopy openness to $16% Shiels and González, 2014) , a level perhaps less than that caused by a natural hurricane of high severity because the forest matrix surrounding each plot was unaffected (see Shiels et al., 2010 for detailed discussion).
The resulting canopy debris was divided into three categories: wood (branches P1.5 cm diameter), leaves and twigs (branches <1.5 cm diameter and all non-palm foliage), and palm fronds. The debris was immediately weighed to establish wet mass, and then samples of debris were weighed after being dried at 45°C until constant mass was achieved to develop wet-dry mass ratios. All debris was sorted and distributed evenly to the two debris plots within each block. On average 11,157 ± 362 kg of (wet mass; 12.4 ± 0.4 kg m À2 ) debris (6530 ± 186 kg dry mass; 7.3 ± 0.2 kg m À2 ) was removed from each trim plot. Following some loss due to decomposition, on average 6 kg m À2 was placed either in the plot it was trimmed from or in a No trim plot in the same block. Nevertheless, these amounts of debris deposition were remarkably similar to those observed at the site in Hurricane Hugo in 1989 Shiels et al., 2010) .
These manipulations do not include the impact of stem breakage or uprooting, which, while important to our forests, affect a relatively small area relative to the primary effects of canopy opening and debris deposition (Zimmerman et al., 1994; Shiels et al., 2010) .
Plant measurements
All woody plants P1 cm DBH, including trees, shrubs and lianas, hereafter termed stems, were measured in each plot on the starting dates of March 1, 2003; October 15, 2004; September 17, 2007; October 17, 2008; November 12, 2009; February 7, 2011; and February 6, 2012 . At the installation of the plots, all stems were tagged, identified to species (nomenclature follows Axelrod, 2011) and mapped for relocation. The pre-treatment measurement period took place in March 2003 and October 2004 and the post-treatment measures took place in September 2007 and thereafter. The measurement of stems for each sampling took on average 17 days.
Lumber crayons were used to mark the points of measurement in order to minimize sampling error between subsequent measure-ments. Stems with DBH <5 cm were measured using vernier calipers with a precision of a hundredth of a centimeter (0.01 cm); stems with diameters >5 cm were measured using metric diameter tape measures with a precision of up to 0.1 cm. Standing main stems and their sprouts were associated in the data for later use in the growth and mortality analyses and basal area calculations. In the classification 'stems' we include all palms in which the attachment point of the youngest leaves reached a height of 1.3 m or higher, measuring the diameter between the two leaf scars closest to 1.3 m height. Stem measurement methods follow the Center for Tropical Forest Science (CTFS) protocol (Condit, 1998) .
Data analysis
Stems densities and basal area were expressed on a per ha basis. Rates of mortality and recruitment were calculated as described by Shiels et al. (2010) : mortality rate = (ln N t À ln(N t À #dead t+1 ))/ #months, and recruitment rate = (ln(N t + #recruits t+1 ) -lnN t )/ #months, where N t is the number of seedlings or stems alive at the beginning of a time interval (t). Stem recruitment occurred when individuals <1 cm DBH grew to sizes P1 cm DBH.
To investigate variation in size distributions over time, stems were grouped into the following DBH size categories: 1-2.49 cm; 2.5-4.99 cm; 5-9.99 cm; 10-14.99 cm; 15-19.99 cm; and >20 cm. Species diversity was calculated in two ways; (1) species density (S) was calculated by determining the number of species present in each 20 Â 20 measurement plot; (2) rarefaction was used to estimate tree diversity independent of changes in stem density (Gotelli and Colwell, 2001) . For the latter, rarefaction curves were implemented in R (R Development Core Team, 2013) using the Vegan package (Oksanen et al., 2013) estimates of species richness in a sample of 50 stems (S n=50 ). This sample size was chosen as an approximate maximum value of stem density that could be used to compare amongst all plots and sampling times (Molino and Sabatier, 2001) . Tree responses to experimental treatments over time were analyzed using repeated measures analysis of variance (ANOVA) in the ez package for analysis and visualization of factorial experiments (Lawrence, 2013) in R.
Variation in species composition among blocks and treatments (plots) over time (n = 84 sample units) was compared using Nonmetric Multidimensional Scaling (NMS; Clarke, 1993; McCune and Grace, 2002) using PC-ORD (McCune and Medford, 2011). We adjusted each species' (n = 80) abundance relative to its maximum to give equal weight to all species (McCune and Grace, 2002) . This was appropriate in this case because we are interested in how each species contributes to species richness patterns. The NMS was conducted using the Sorenson (or Bray-Curtis) distance matrix, which takes into account both species occurrences and their relative abundances when comparing sample units. NMS searches iteratively for the best set of rankings of the distances in the matrix that distinguishes among sample units using the fewest possible ordination axes. This was done in PC-ORD using the ''slow and thorough'' setting in Autopilot mode (McCune and Medford, 2011) , which arrives at the best solution and number of axes based on several parameters of success (see McCune and Grace, 2002 for details). Once a solution was selected, final stress, a measure of the degree to which the ordination captures underlying variation in community composition through time, was calculated. We then determined the percent of variance in the original distance matrix that was explained by each axis of the ordination. Each of the resulting ordination axes in NMS are orthogonal to one another (McCune and Grace, 2002) , therefore, we subjected values for each axis to a separate repeated measures ANOVA as described above to determine the effects of treatments and time.
Results
Forest structure
Mean stem densities (all diameter classes) ranged from 3000 to 4200 per ha among treatments during the pre-manipulation period, 2003 . Differences among treatments were apparent during this period, with the No trim + no debris and Trim + debris treatments exhibiting higher average densities than the remaining treatments. Circa 2.3 years after treatments were established, there were large (2000-4000 stems ha À1 ) increases in mean stem densities in the Trim treatments ( Fig. 1A) . Differences between the Trim and No trim treatments persisted until the end of the observation period in early 2012, although mean densities in the Trim treatments had declined to 4500-6000 stems ha À1 by then. There was a significant interaction between trimming and time (Table 1) indicating the large change in densities in the Trim treatments, but also due to the decline in stem densities in the No trim treatments (Fig. 1A ). Debris addition significantly influenced overall stem density (Table 1) but did not result in significant differences over time (time Â debris; Table 1) , which would be expected if debris deposition influenced stem density after the pre-manipulation period. Thus, the observed differences were likely the result of pre-existing differences. Additionally, there was no significant interaction between trimming, debris additions, and time (Table 1) .
Mean basal area (BA) showed a less dramatic response than did stem density to the treatment applications. There appeared to be a significant interaction between Trim and Debris treatments over time ( Fig. 1B ), but this interaction was not statistically significant, or even nearly so (p = 0.9904; Table 1 ). In general, mean BA increased significantly over time in all treatments (Table 1) and there was a significant interaction between debris addition and time resulting from a greater relative increase in BA in the Debris treatments over time. There was no significant interaction between trim treatments and time (Table 1) . Closer inspection showed that the apparent decline in BA in Trim + no debris treatment plots beginning in late 2007 ( Fig. 1B ) was due to death of several large trees in a single plot resulting in a large loss in BA; the other two replicates exhibited small increases in BA during this same period. Thus, the overall trend in the Trim + no debris plots was one of little or no significant change over time, statistically indistinguishable from the trend in the Control (No trim + no debris) plots. In sum, these No debris treatments exhibited significantly less BA growth than treatments with debris added.
As expected from changes in mean stem density over time, mean recruitment rates increased strongly by 2007 in the Trim treatments ( Fig. 2A) and were significantly greater than recruitment rates in No trim plots following treatment application (trim x time; Table 2 ). During the 2007 census, the mean stem recruitment rate in Trim + debris treatment was double that of the Trim + no debris treatment and this pattern was statistically significant (time Â trim Â debris; Table 1 and Fig. 2A ). By 2009 overall mean recruitment rates in the Trim treatments had fallen back to rates similar to the No trim plots. Mean recruitment rates were very low in the No trim treatments throughout the study.
Stem mortality appeared to increase in all treatments from 2004 to 2007 (Fig. 2B) ; time significantly influenced the mortality rate overall (Table 2) . Beginning in 2009, mortality rates in the Trim plots strongly exceeded those in the No trim plots, and these differences persisted until the end of the study in early 2012 (time Â trim; Table 1 ). Stem mortality rates appeared to peak in 2010. The addition of debris had no significant impact on this pattern (Time Â Trim Â Debris; Table 1 ).
Because mortality patterns probably resulted from the loss of newly recruited stems over time and because of an interest in understanding the impact of trimming on the long-term mortality of trees in the size class that were trimmed for the study (particularly in light of the large loss of trees in one plot noted above), we conducted an additional analysis of mortality on trees P10 cm DBH. Specifically, we selected trees P10 cm DBH from the 2004 measurements, just before treatment initiation, and followed their mortality through the remaining observations. There was no significant effect of treatments on large tree mortality over time, neither for the Trim (p = 0.6557) nor the Debris (p = 0.4477) treatments and mortality rate did not change over time (p = 0.0825); none of the interactions were significant (p > 0.2100). Thus, significant changes in mortality among treatments are due to mortality patterns in the smallest size classes.
At the start of the experiment in 2003, there were no apparent differences in size distributions among treatments (Fig. 3) . Canopy trimming clearly caused an increase in the density of the smallest stem size class by 2007 and this size class remained high in abundance, even while declining with time, throughout the observation period. At this same time, the No trim treatments showed a slow but steady decline in the abundance of the two smallest stem size classes, while the larger size classes remained largely stable. 
Forest diversity
We studied changes in species richness (S) in two ways, using the species density per measurement plot (Fig. 4A) and by adjusting the number of species for differences in stem density per plot, adjusting S to that expected in equal samples of 50 stems (S 50; Fig. 4B ). Analyses of diversity indices Shannon-Weiner and Simpson exhibited similar patterns to S 50 and were not presented. Pre-manipulation differences in the treatments were apparent, with the diversity of Trim + debris treatments appearing to exceed the other treatments ( Fig. 4A and B) . Species density produced more dramatic changes over time (Fig. 4A) , and showed that S increased in Trim treatments by about 3-6 species over time while S declined in the No trim treatments by roughly an equal amount. The three-way interaction of time, trimming, and debris for changes in S was statistically significant (Table 1) . Changes in S 50 were small, about 1-2 species per treatment, where there was any notable change (Fig. 4B) . In general, S 50 declined in the No trim treatments, and there was little change or an increase in the Trim treatments (time Â trim; Table 1 ). The increase in S 50 in the Trim + no debris treatment was delayed in time compared to the pattern observed for S; the other patterns were similar between the two different richness measures. There was no significant effect of debris over time for S 50 nor was there a significant interaction between time, trimming, and debris (Table 1) .
Species composition
The NMS ordination returned three axes with a final stress of 14.7, representing 69.4% of the variance in the original Sorenson distance matrix. This level of final stress is considered adequate for ecological studies (McCune and Grace, 2002) but suggests substantial residual variation not explained by the ordination. Axis 1 accounted for 30.8% of variance, while axes 2 and 3 accounted for 22.4% and 16.1%, respectively, of the variance in the original matrix. A biplot of Axes 1 and 2, averaged over blocks and shown for each block separately (Fig. 5) , showed the temporal changes Table 1 Results of repeated measures ANOVA, showing degrees of freedom (df), F and P values for stem density, basal area, species richness (S), species richness rarified to 50 stems (S 50 ), and Axes 1 through 3 derived from an ordination of species composition among treatments and time. P values <0.05 are shown in bold. in species composition in the context of the substantial spatial variation in species composition. Addition of Axis 3 to these patterns (not shown) does not change the overall conclusions reported here and for simplicity, we proceed to describe patterns with Axis 1 and 2. Within treatments the average direction of change with time seemed to lie along a diagonal vector between Axis 1 and 2. Changes over time appeared, on average, to be greatest in the two Trim treatments, though this pattern was not borne out in all sampled blocks (Fig. 6 ). Repeated measures ANOVA on each of the orthogonal axes ( This and other pre-existing differences in these two treatments, unrelated to the manipulations, caused them to consistently fall to the right hand side of the NMS biplots (Fig. 6) . Thus, some of the overall treatment differences (but not all, see below) due to Trim were clearly pre-existing differences in species composition caused by patchy species distributions and their influence on the NMS results. We interpret the significant effect of Debris treatments on Axis 3 in the same way, particularly because there was no interaction with Time (Table 2) that would suggest an effect of the treatments following the pre-manipulation period. NMS ordination of a species matrix reduced to the 40 most common species did not resolve these issues in the analysis (RHE-POR remained in this analysis because it was relatively common, CORSUL did not). In fact, the analysis of more common species was remarkably similar to that reported here, except that larger portions of variance were explained by the three axes (as would be expected because the isolated occurrences of rare species produce ''noise'' in the analysis; McCune and Grace, 2002) . Thus, the patterns, as untidy as they are, are robust with respect to the inclusion of rare species and we proceeded with the full species matrix so that the methods and results are consistent with changes in species richness described above.
What is most clear is that the changes in species composition over time, on average, proceeded in opposite directions in the Trim vs. No trim treatments (Fig. 5) , supported by significant Trim Â time interactions along both Axes 1 and 2 ( Table 1) . The central portion of the ordination species space was dominated by common non-pioneer species such as D. excelsa, M. bidentata, and S. berteroana in the upper right hand center portion and pioneers such as C. schreberiana, P. berteroana, Alchorneopsis floribunda, and Schefflera morototoni in the lower left center. This is the dominant vector for the trajectory of change over time and indicates that the Trim treatments were gaining pioneer species over time and the No trim plots were losing these species over time in favor of non-pioneer species.
Discussion
This experimental study of the responses of woody vegetation to the two primary effects of severe hurricane disturbance, canopy opening and debris deposition, emphasizes the long-held view that canopy opening is a critical effect of wind disturbance on subsequent forest dynamics (Everham and Brokaw, 1996; Angulo-Sandoval et al., 2004; Lugo, 2008; Barker Plotkin et al., 2013) . While debris deposited during a hurricane may kill much of the existing seedling bank (You and Petty, 1991; Walker et al., 2003; Shiels et al., 2010) and contribute to small increases in tree basal area growth , these effects are either very transitory, usually lasting no more than 2 years, or they exhibit small magnitude impacts on woody vegetation dynamics compared to canopy opening. The pulse in recruitment of stems due primarily to the recruitment of pioneer species , which recruit heavily after hurricane disturbance at our site , is also a transient phenomenon, one lasting at most 2.5 years post-disturbance. Yet, this recruitment pulse sets in motion changes in the forest community lasting 50 or more years (Crow, 1980; Lugo et al., 2000) , depending on subsequent hurricane occurrence. Pioneer species rapidly increase in abundance in the community then slowly become lost due to thinning as the forest canopy fills. A few pioneers reach adult status in the canopy, only to be lost over time as they are replaced by longlived, slow-growing species (Lugo et al., 2000) . Our study not only captures the initial response to canopy opening but, because the No trim plots were still responding to disturbance caused by Hurricane Georges before our study began, we can also trace structural and community responses to the most recent natural disturbance 14 years before our study began.
In this study we focused on forest structure and community dynamics through seven years post-treatment, augmenting the observations of Shiels et al. (2010) who ended their study at ca.3.5 years post-treatment. This allowed us to confirm the transitory nature of the pulse of recruitment caused by canopy opening, further investigate apparent positive effects of debris deposition on basal area accumulation, and investigate long-term patterns of sapling recruitment and tree mortality. As already mentioned, the prominent recruitment of saplings into the Trim treatments appeared to end after the 2007 measurements, emphasizing the narrow window of opportunity for new tree establishment caused by the pulse then rapid decline in light availability at the forest floor (Angulo-Sandoval et al., 2004; Shiels et al., 2010; Shiels and González, 2014) . Following this began a period of self-thinning as the new recruits began to die due to shading from the rapidly closing forest canopy. (Table 3) are shown for some common species and, for illustrative purposes, one rare species (CORSUL). Shiels et al. (2010) provided initial results indicating that additions of hurricane debris to both trimmed and closed canopy plots caused a significant increase in basal area increment. They attributed this increase, which occurred ca. 2.3-3.5 years post-treatment, to either a fertilization effect, the benefits of increased soil moisture, or other unmeasured effects of decomposing debris on tree growth. Understanding the long-term patterns in BA growth, studied here, was complicated by a rapid loss of BA from 2007 to 2009 in a single plot, which gave the appearance of an overall loss of BA in the Trim + no debris treatment. This was caused by the death of several trees in this single plot, a pattern that cannot be attributed to the treatment effects because it was isolated within a single plot. The long-term pattern, therefore, is that debris addition likely had a positive effect on BA growth, as concluded by Shiels et al. (2010) , while trim treatment had no discernible negative effects on BA increment.
We also wanted to more carefully investigate long-term patterns of morality caused by treatments in the CTE in light of reports of delayed mortality of trees reported by Walker (1995) . Much of the mortality of trees up to 3.3 years post-hurricane in Walker's (1995) study was due to the slow death of trees that had been tipped-up during the hurricane, exposing all or part of the root ball. This aspect of hurricane disturbance was not examined in this study, but the stress of severe pruning used to simulate the loss of branches in a hurricane might be expected to cause increased mortality, especially where debris removal might deny trees access to moisture or nutrients supporting their survival. We found no evidence of this in trees P10 cm DBH. At the level of detection in this study, therefore, we cannot ascribe any effect of the experimental treatments on plant mortality, other than the self-thinning of newly recruited pioneers in the Trim treatments.
We took advantage of the long-term nature of the observations of the tree community in the CTE to determine whether long-term changes in species diversity, measured here using species richness, in the experimental treatments conform to predictions of the Intermediate Disturbance Hypothesis (Connell, 1978; Doyle, 1981) . IDH predicts that diversity of forest undergoing succession, either throughout the entire stand or in local patches (the ''within'' vs. ''between patch'' models of IDH; Sheil and Burslem, 2004) , will exhibit a hump-shaped change through time or space (Connell, 1978; Molino and Sabatier, 2001) . Any disturbance of the canopy should result in an increase in species richness owing to the recruitment of pioneer species amongst the surviving non-pioneer species . We tested this in the CTE by taking plots with the canopy trimmed as recently disturbed areas and comparing them with No trim plots that were last disturbed during Hurricane Georges in 1998. We found that the results depended strongly upon whether species richness was corrected for stem density or not (discussed below) and debris treatment, but for S there appeared to be a peak in species diversity 3-5 years after canopy disturbance. Clearly, much of the impact on species richness in our study was due to changes in stem density over time, which increased temporarily in the trim treatments and appeared to decline steadily with time in the intact canopy treatments, in parallel with changes in the density of stems in the smallest size classes. Once the impact of stem density was removed, changes in species diversity were muted and patterns disappeared or changed. For example, the loss of species in the No trim + no debris plots almost disappeared completely, and the small peak in diversity in the Trim + no debris treatment of about 1 species per 50 stems became delayed, peaking in early 2011 rather than in 2007.
We calculated diversity in these two ways because of the need to separate the effect of stem density on species richness per unit area (i.e., species density) from changes in richness per number of stems (Hubbell et al., 1999) . Rarefaction is the appropriate method to make this correction (Chazdon et al., 1999; Gotelli and Colwell, 2001) and we corrected our sampling to 50 stems to make comparisons amongst plots and sampling times. It is not clear why correcting species diversity for stem density is the most appropriate manner to test IDH (Chazdon et al., 1999; Hubbell et al., 1999 ; Brokaw and Busing 2000; Molino and Sabatier, 2001; Sheil and Burslem, 2004) except to account for the eventual thinning process, which has been shown to promote greater diversity in tropical forest around the world (Wills et al., 2006) . Therefore, our approach, in effect, brackets the possible outcomes and suggests a small but important role of disturbance in maintaining forest diversity (Bongers et al., 2009) . Both density and the scale at which diversity is measured affect the subsequent diversity conclusions (Chazdon et al., 1999) . Our plot-based study reflects the measured gap sizes produced during hurricanes (Brokaw and Grear, 1991; Zimmerman et al., 2010) , and our experimental measures reveal the limited power of disturbance in contributing to forest diversity at this scale (Vandermeer et al., 2000; Bongers et al., 2009) . The ordination studies of changes in species composition in space and time corroborate the limited effects of canopy opening on species richness. The analyses revealed a guild of pioneers, including C. schreberiana and P. berteroana, identified as key pioneer species by Shiels et al. (2010) , which responded to the trim treatments and which were being lost at a low rate from the plots where the canopy was intact. This later aspect reveals the longterm impact of Hurricane Georges (1998), the last severe storm to strike our site, on the background dynamics of the forest mosaic, and contributes to our understanding of the role of hurricanes in regulating long-term (i.e., decadal) variation in the species composition of hurricane-driven forests (Crow, 1980; Lugo et al., 2000) . These results are also consistent with our understanding of the role of hurricanes in maintaining species with contrasting life histories demonstrating resistance versus resilience to hurricane disturbance (Zimmerman et al., 1994; Boucher et al., 1994; Uriarte et al., 2012) . As monitoring of the CTE proceeds, we will be able to determine to what degree pioneer species regulate successional processes of the forest. The emerging view is that pioneers do not have a strong negative influence on the dynamics of the remaining community (Vandermeer et al., 2000; Uriarte et al., 2010; Barker Plotkin et al., 2013) but rather function as ruderals (Grime, 1977) that are able to take advantage of the brief period of high resource levels caused by disturbance (Pacala and Rees, 1998) to flourish and to sometimes reach the forest canopy.
Our results reveal strongly the difficulties of performing an experimental test of hurricane disturbance effects in a heterogeneous forest environment. Beyond the logistical difficulties of removing and depositing large amounts of trimmed material in a timely manner and the limited size of the canopy openings , we also encountered problems of limited replication and high background variation that sometimes produced pretreatment differences that made interpretation difficult. One way to correct for this is to adjust subsequent changes in the studied variables to their initial values, as done by Willig et al. (2014) and Barker Plotkin et al. (2013) . Our approach, given two premanipulation samples spanning 1.5 years, was to focus on interactions of treatments with time and not the main effects of the treatments as a key result, reasoning that this would provide a robust detection of any responses to the experimental treatments. In any case, stem density and mortality patterns and the ordination results underscore the extreme spatial variability of demographic characteristics and species composition in the forest mosaic and provides context for understanding the moderate impact of canopy opening on species richness and species composition patterns. Even though we carefully selected locations for the CTE according to similar land use history and topography Thompson et al., 2002) , the ordination results emphasize the strong role of chance and history in determining localized patterns of species composition (Brokaw and Busing, 2000) . Integrating two-decades of change in community composition over large spatial scales in the 16 ha Luquillo Forest Dynamics Plot (which lies adjacent to the CTE blocks; Shiels and González, 2014), produced a clear community response that was used to measure the grain of the disturbance . Moreover, quantitative studies from the LFDP clearly demonstrate an ability to detect unique life history characteristics of species responding to hurricane disturbance (Zimmerman et al., 1994; Uriarte et al., 2010; 2012) . But, to experimentally test hurricane effects at anywhere near the scale of the LFDP would be logistically difficult (if not impossible) and, in the end, we chose to balance the trade-off between scale of treatment and the difficulties of interpreting an unreplicated experiment (Barker Plotkin et al., 2013) .
The forest responses to the CTE treatments detailed here also provide an important context for interpreting the other studies in this special issue, as many of the ecosystem and responses of other organisms are regulated by or integrate the woody plant response. It is important to note that the woody plant community response recorded within the trim treatments in the CTE mirror the community responses to natural hurricane disturbance monitored elsewhere at our site (e.g., Walker et al., 1991 , Scatena et al., 1996 Zimmerman et al., 2010) , difficulties of scale, replication, and background variability aside. Therefore, one can have confidence that interpretations of the responses of other functional variables and organismal groups to canopy trimming are similar to that of natural hurricanes (McDowell, 2014) . Fern responses (Sharpe and Shiels, 2014) were similar to that for woody vegetation ; this study), by showing that debris deposition could cause high mortality of buried plants, that canopy opening caused an increased abundance of pioneer species, and by revealing the strong resilience of the dominant species to hurricane disturbance. Silver et al. (2014) report that trim treatments influenced leaf litter quantity (reduced for 2.5 years) and quality (increased N and P concentrations) but found no influence of debris additions on these variables. The increased nutrient concentrations in litter likely reflect, in part, the high recruitment of pioneers into the recovering forest canopy and the high nutrient content of their litterfall. Thus, even though it is not clear which pioneer species might have responded to the trim treatments, it is clear that as a guild of species they strongly influence this key ecosystem variable, ensuring high levels of nutrient return to the forest floor during the period when the forest canopy is recovering (Scatena et al., 1996) . In this way pioneers may facilitate establishment and growth of late successional plants (Callaway and Walker 1997) as they clearly do on landslide scars in the LEF (Walker et al. 2010 ). Silver et al. (2014) detected no effect of debris deposition on litter production such that the only impact of hurricane debris on aboveground forest productivity was via the positive effect on basal area shown in this study.
Conclusions
We find that four additional years of observation allows us to clarify some of the experimental hurricane effects of the CTE on tree community structure and dynamics . We find support for the notion that much of the dynamics of forest subjected to hurricane effects are to be found primarily in the smallest stem classes , which include pioneer species able to take greatest advantage of the canopy opening caused by hurricanes (Angulo-Sandoval et al., 2004) . Even though some have found that there is delayed mortality due to hurricanes (Walker, 1995) , this was due to damage that involved the main stem;the mortality of large (P10 cm DBH) trees were unaffected by our treatments. Tree basal area increases appeared to be positively influenced by the presence of debris, which would lead one to expect that debris removal following canopy disturbance might stress trees and cause increased mortality; however, such a pattern was not observed. Finally, in testing IDH, tree species diversity in this tropical forest increased somewhat following canopy disturbance, but this pattern largely disappeared when corrected for stem density. Patterns of species composition were highly variable due to background variation in composition, but we were able to clearly identify the signature of pioneer species recruiting into the trim plots following canopy trimming. Beyond the transient negative effects of debris deposition on the seedling layer, described by Shiels et al. (2010) , we are only able to substantiate a small positive effect of debris deposition on basal area increment. Thus, the dominant effect of the experimental disturbance effects on the woody vegetation in the CTE appears to be canopy opening and not debris deposition.
